Control of the nucleation and growth process in self-assembled fibrillary networks (SAFiN) 26 with the goal of preparing physical hydrogels from low molecular weight gelators (LMWG) is 27 well-established but mainly for temperature-driven hydrogelators. In the presence of other 28 stimuli, like pH, the fundamental knowledge behind gel formation still lacks. In particular, 29 whether pH affects nucleation and growth of the fibers and how this aspect could be related to 30 the stability of the hydrogel is still matter of debate. In this work, we establish a precise 31 relationship between the pH change rate during the micelle-to-fiber transition, observed for 32 stearic acid sophorolipids -a bolaform microbial glycolipidand supersaturation. We show 33 that tough SAFiN hydrogels are obtained for slow pH change rates, when supersaturation is 34 low, while weak gels, or even phase separation through powder precipitation, are obtained upon 35 fast pH change. Interestingly, these results are independent of the pH change method, may it be 36 through manual variation using HCl, or by using the internal hydrolysis of glucono-δ-lactone 37 (GDL), the latter being currently acknowledged as a unique way to systematically obtain tough 38 gel through internal pH change. 39 40 42 attention in the past decades for the applications in many fields including tissue engineering, 43 cosmetics, food and environmental science 1-8 and in relationship to the most recent materials' 44 processing techniques, like 3D 6 and 4D printing. 9 In this field, low molecular weight gelators 45 (LMWG), 10,11 small compounds commonly forming self-assembled fibrillary network (SAFiN) 46 hydro-or organogels, attract a large interest for their potentially infinite possibilities in terms 47 of the (molecular) function -(gel) property. The gelation is generally driven by weak 48 interactions and can be triggered by numerous stimuli like temperature, 12 pH, 13 salt 14 or 49 enzymes. 15 In this class of materials, fluorenyl-9-methoxycarbonyl (Fmoc) amino acid 50 derivatives are one of the most popular class of LMWG but peptides, peptide amphiphiles and 51 glycolipids 16-20 are also largely explored.
Introduction 41
The development of soft stimuli-responsive materials is a topic that has gained much correctly, one obtains a biphasic system composed of a precipitate and a slightly turbid aqueous 139 phase at already pH ~ 7 and pH should be increased again to solubilize the sample and start the 140 acidification step again. Regeneration of the sample generates larger amounts of salt (here, 141 NaCl) and which may interfere with gel formation. However, salt concentrations up to at least 142 200 mM do not perturb gel formation. We discuss this point in the last section of the manuscript. 143 To increase the chances to reach the gel phase, we suggest to add a lag time of 5 min to 10 min 144 between each addition of HCl aliquots in the pH region between 7.4 and 6.5, when the micelle 145 to fiber transition occurs. In a standard successful experiment, the total amount of HCl 1 M 146 added should not increase 50 μL for a 1 mL solution at 5 wt%, that is final concentration of 147 about 50 mM HCl. The final dilution factor, after taking into account the added volume of 148 NaOH and HCl generally does not not exceed 1.03~1.04. Using HCl solution of molarity above 149 1 M is not recommended due to the sharper pH jumps, which promote the formation of a 150 precipitate.
151 2) Use of GDL. In-situ hydrolysis of GDL is known to yield reproducible, stable and 152 tough hydrogels in low molecular weight gelators. This method was adapted to this system as 153 follows. A given amount of GDL is weighted in a vial, to which the SLC18:0 solution at basic 154 pH is added. Mixing is immediately achieved by vortexing for approximately 20 -30 seconds 155 and the sample is left at rest (no stirring is applied) with gelation taking place over few hours. 156 The amounts are approximately 1:0.63 (±15%) = SLC18:0:GDL molar ratio for a SLC18:0 157 solution at pH ~ 11, and one can also follow the data in Table 1 for convenience. These values 158 are indicative and we suggest the reader to optimize the amount of GDL on his/her own system. 159 In fact, the error in the amount of GDL strongly depends on the amount of base introduced in 160 the solution, that is on the initial pH of the SLC18:0 solution. Specific comments on the 161 employment of GDL will be given in the last section of the manuscript. 3) Controlled acidification using HCl. 166 This method was developed in this work in order to prepare reproducible SLC18:0 167 7 hydrogels using HCl. Manual acidification is replaced by an automated and more controlled 168 protocol. A given HCl solution (normally 1 M for a 5 wt% SLC18:0 solution) is placed in a 169 syringe, which is located in a programmable syringe pump. The acidic solution is brought to 170 the SLC18:0 vial through a thin wall microbore PTFE tube using controlled delivery rates. The 171 apparatus is shown in Figure S pH value. One should note that the molarity of the HCl solution can vary as long as one adjusts 175 the acid feeding rate in order to keep the overall molar rate constant and dilution factor low.
176
For instance, hydrogels with similar properties can be obtained either with a 1 M HCl solution 177 at a rate of 30 μL/h (30 mM/h) or with a 0.5 M HCl solution at a rate of 60 μL/h (30 mM/h).
178
However using HCl concentrations below 0.5 M is not recommended due to the higher amount 179 of HCl needed to achieve pH~6, leading to a higher dilution of the final system. between the moment of mixing and the first recorded spectrum. The comparison between the 219 first spectrum and the solution at basic pH shows no real differences between the two spectra 220 and for this reason, the first recorded spectrum of the gelation kinetics is used for normalization.
221
The same experiment is repeated on a solution to which the amount of GDL is doubled, so to 222 obtain a precipitate instead of a homogeneous hydrogel. Attribution of the 1 H NMR spectrum 223 of SLC18:0 is provided in detail in ref. 32 .
224
Absolute values of the peak area as a function of time are obtained using the 225 "integration" and "relaxation" moduli of the Topspin™ 3.5 pl7 version of the software, while 226 the full width at half maximun (FWHM) profiles have been automatically obtained by using of 227 DMFit software, available free of charge at the developer's website. 52, 53 We have observed 228 small phasing problems affecting the peak of H2O during the kinetics experiments. Since this 229 is the most intense peak, poor phasing can affect the baseline in the vicinity of the anomeric 230 CH between 3 ppm and 4.5 ppm. This unavoidable fact strongly affects the actual value of the 231 peak area. For this reason, we only calculate the time-resolved evolution of the aliphatic peak 232 integral contained between 0.5 ppm and 2.5 ppm. Avrami plots. The Avrami equation is commonly used to determine the nucleation and 235 growth mechanism of bulk crystals 54,55 and it has been successfully applied to the study of 236 fibrillar self-assembled gels. 21, 22, 56 The micelle-to-fiber phase transition obtained by the pH-jump method on a diluted 261 solution (0.5 wt%) of SLC18:0 was studied in detail in previous works by combining cryo-
262
TEM and pH-resolved in situ SAXS. 32, 59 In the fiber phase region, we observed that 263 centrifugation of a stable colloidal solution of SLC18:0 can easily lead to a fiber-rich lower 264 phase by forced syneresis. This observation suggests that SLC18:0 hydrogels can most likely 265 be obtained by the direct pH-jump if concentration is high enough, just as observed for 266 analogous LMWG, where gelation is driven by pH. 18, 27, 60, 61 To test this hypothesis, we prepare Whichever the acidification method, concentration has a clear impact on the strength of 289 the hydrogels, where 2.10 -2 < ′ /kPa < 2 for manual HCl addition, while 2.10 -1 < ′ /kPa < 200 290 in GDL. However, acidification through GDL systematically provide hydrogels with elastic 291 11 moduli in the order of two log units higher. This is summarized in profiles showing the 292 concentration dependency of the gel plateau storage modulus 0 ( ) for both methods of 293 acidification (Figure 2a ). The 0 ( ) behavior is very useful to understand the rheological 294 behavior of hydrogels and their structural organization, based on theoretical models, originally 295 established for polymers but extended to fibrillary systems, because self-assembled filaments 296 can be described as polymers with a significant bending rigidity. 62 0 ∝ , with being a will first resist against the imposed deformation, resulting in an increase in ′′ , before breaking 324 up above a given deformation limit, beyond which the SLC180 fibers align with the flow field, 325 explaining the decrease in ′′ . The possible nature of these structures will be discussed by mean 326 of microscopy tools, later on.
327
Based on the behavior of SLC18:0 samples under small and large strains, we applied 328 three cycles of step-strain experiments to evaluate the recovery time and mechanical yield of 329 the hydrogels after applying a large deformation (Figure 2b ). During each cycle, samples are 330 first subjected to a constant strain of 0.02% (in the linear viscoelastic regime, 0.02 % < ) 331 before increasing the strain from 0.1% to 100% during 2 min (large deformation, 100 % >> ) 332 and the strain is decreased again from 100% to 0.02% for 30 minutes. For both SLC18:0 333 samples prepared using either HCl or GDL, it was observed that before applying the first large 334 deformation, ′ is constant and greater than ′′ ; however, when a large deformation is applied, 335 ′ becomes lower than ′′ , demonstrating the liquid-like behavior of these gel at high strain 336 values. Immediately after removing the 100% strain, SLC18:0 hydrogels prepared using HCl 337 and GDL respectively recovered 82% and 77% of their original stiffness (average values after 338 three cycles). After three cycles, the average complete recovery time is estimated to be ~7 min 339 and ~3 min for SLC180 hydrogels prepared using HCl and GDL, respectively. The interesting 340 recovery yield and time (few minutes) highlight the self-healing feature of the SLC18:0 341 hydrogels.
342
The rheological characterization of SLC18:0 samples prepared both by manual 343 acidification using HCl and addition of GDL (molar ratio of 1 SLC18:0 : 0.63 GDL) 344 demonstrate the successful preparation of SLC180 hydrogels with interesting mechanical 345 properties (stiffness and self-healing properties). We highlight two important points:
The gain in magnitude of the storage modulus ′ ( ) between the HCl and GDL 347 approach is close to two orders of magnitude in favour of the GDL approach. This 348 observation is not surprising and is comparable to what was reported for Fmoc 349 conjugated peptides, 16, 27, 28, 31 where GDL-driven gelation was implemented to prepare 350 repeatable homogeneous and strong fibrillar hydrogels. Our results confirm the true 351 interest in using GDL over manual HCl pH variations also for the SLC18:0 LMWG. 
375
The acidification rate controls the mechanical properties 376 If manual addition of HCl has long been questioned to provide hydrogels with lower 377 elastic moduli 27 and probably being one of the reasons for poor quantitative agreement in terms 378 of hydrogel mechanical properties among different authors, 16 the impact of GDL amount on the 379 gel properties has equally been questioned. 31 We have ourselves tested several SLC18:0:GDL 380 molar ratios and we surprisingly observe that above an optimal amount of GDL, which is GDL is added, that is when pH is still sufficiently high (between 6 and 7), in contrast to what 404 was found with Fmoc-conjugated peptides. If final pH effects are excluded in this system, this 405 point will be commented in more detail in the last section of this manuscript.
406
For 5 wt% SLC18:0 hydrogels prepared using HCl at different acidification rates, at 407 6000 μL/h (black squares), the pH drops below 6 within 1 minute and a powder is immediately 408 obtained. The corresponding ′ (~1 Pa, Figure 3e ) is practically not significant but it is 409 analogous to the plateau modulus of GDL at 1.25 molar ratio (magenta hexagons, Figure 3c ).
410
At lower HCl addition rates (between 100 and 1000 μL/h), the mechanical properties gradually 411 increase ( Figure 3e ) up to the kPa domain. The elastic modulus becomes comparable with a 5 412 wt% gel obtained with manual addition of HCl (Figure 3d ), but also with a 1 wt% gel obtained 413 by using optimal amounts of GDL (black squares, Figure 3c ). Very interestingly, for very small 3d) and only a factor two (linear scale) lower compared to a 5 wt% SLC18:0 hydrogel obtained 420 by GDL ( Figure 3d ). In clear, at constant pH (here, 6) and concentration (5 wt%), controlling 421 the acidification rate below 50 μL/h generates the same time-dependent evolution of pH 422 compared to GDL (up to 100 min) and is responsible for a 50-fold improvement in the elastic 423 modulus compared to manual HCl addition. On the other hand, data in Figure 3d ,e also indicate 424 that manual pH variation, although more difficult to reproduce, can still produce hydrogels with 425 interesting, yet not optimized, mechanical properties. 426 One can conclude that homogeneous and tough hydrogels with comparable elastic To better understand the discrepancy between the mechanism of formation of SLC18:0 468 hydrogels and Fmoc-conjugated peptides, we investigate the structural and morphological 
501
Further observations at a larger scale using optical microscopy confirm the above 502 assumptions. A homogeneous gel (obtained with x= 0.63 GDL) displays a broad fibrillar 503 network (SLC18:0 at 1 wt%), where sporadic nucleation centers are not uncommon (Figure 5a ).
504
Similar results are obtained for the hydrogel prepared at 5 wt% using HCl at a rate of 60 μL/h 505 ( Figure 5c ). In contrast, spherulites strongly characterize those samples that form a precipitate 506 in solution, regardless the method of preparation: excess of GDL (x= 1.25, Figure 5b ) and fast 507 HCl rates (6000 μL/h, Figure 5d ). Interestingly, the presence of both spherulites and branched 508 interconnected fibers is compatible, and it can actually explain, the peculiar strain hardening 509 overshoot characterizing the strain sweep data ( Figure S 2a,b) , and put in evidence in the The kinetics of crystallization can be followed via 1 H NMR spectroscopy, which is only 520 sensitive to the compound in a fast-tumbling (e.g., micellar phase), but not crystalline, 521 environment (e.g., fibers). Figure S 4a shows the evolution of the crystalline fraction (as defined 522 in the materials and method section), , of SLC18:0 (2.5 wt%) with time after adding GDL at 523 x= 0.63 and x= 1.25, where the former produces a homogeneous gel and the latter a powder hydrogel formation. One should note that the discontinuities in both and FWHM plots are 530 most likely artifacts due to problems in a satisfactory baseline subtraction and consequently to 531 the signal integration, as explained in the materials and methods section.
532
The multi-scale study shows that the only major difference between two SLC18:0 533 samples prepared at the same concentation and temperature but different pH change rates (either 534 20 using GDL or HCl) is constituted by the morphology at the micron scale: spherulites, originated 535 by tip-and side-branching phenomena during crystallization and growth, are systematically 536 detected. Previous studies on pH-driven formation of hydrogels using LMWG did not show 537 similar features and spherulitic domains where only obtained in solvent-triggered gels. 2, 16, 88 538 Tip-and side-branching phenomena are well-documented in LMWG systems, they are well-539 understood and described for temperature-driven hydro and oleogels. 21, 22, 43, 44 The correlation 540 between mechanical properties of the gel and branching was also established: at high branching 541 degree, spherulites dominate the gel and the mechnical properties become lower than in more where is the actual molar fraction and the equilibrium molar fraction of a solute in 548 solution at a given temperature. It has been widely demonstrated for LMWG that the higher the 549 supersaturation, the lower the mismatch nucleation barrier, the higher the branching degree, to the assumption that is not only temperature but also pH-dependent, ( ). In this case,
560
Eq. 1 can be rewritten as in Eq. 2, where dependency on pH is now explicited and dependency 561 on temperature is omitted, assuming that all experiments are performed at the same temperature. When pH decreases, 11 ( ) is always higher than 1 and it is independent of the pH change rate.
574
On the contrary, even if lim → ( ) ≃ 0, the rate at which this event occurs may vary 575 from system to system. ( ) is then maximized when pH is low (small ( )) and when 576 lim → ( ) remains close to 1 as long as possible. In other words, if ( ) is close to 577 unity all along the decrease in pH, supersaturation is enhanced and branching occurs. This is 578 experimntally observed for the SLC18:0. Figure 6 shows that x=0.63 GDL after about 70 min, 579 pH ~6 and has dropped much below 0.8. In this case, one expects small supersaturation and 580 low branching: at x=0.63 GDL a homogeneous hydrogel is always obtained for any SLC18:0 581 concentration (Figure 3d, Figure 3c ). On the contrary, in excess of GDL, ( ) decreases at 582 a much slower rate, while pH drops fast: after 70 min, pH ~6 and ~0.92. In this case, 583 supersaturation and branching are promoted, as verified experimentally (Figure 4c1 ,c2, Figure   584 5b,d).
585
The following intriguing question should be answered at this point: why do pH change diffusion is rapid. On the contrary, the data presented in this work on the SAFiN hydrogel 594 micellar structure is not as well-defined as the structure of a common head-tail surfactant. We 606 have specifically studied the structure of sophorolipid micelles 89, 91 and found that the carboxilic 607 group could be located within the entire volume of the micelle. In the second hypothesis, two 608 scenarios could hold. In the first one, the diffusion rate of a single SLC18:0 molecule after 609 protonation is slow compared to the pH change rate; in the second scenario, the micellar 610 aggregate is able to retain a critical number of protonated SLC18:0 and above which the micelle 611 burst out, thus releasing its entire molecular population, which diffuses immediately towards a 612 nucleation site. Unfortunately, we do not dispose of any quantitative data to support these 613 scenarios, but we have nonetheless shown that the micelle-to-fiber transition in SLC18:0 occurs 614 in a narrow pH range and without any morphological transition between the micelle and the Figure 7 summarizes the main findings of this work; at basic pH, which can be contained 634 between 8 and 11, SLC18:0 is soluble in water in its ionic form and from previous studies we 635 know that it forms micelles, although coexisting with a minority of nanoscale platelets (these 636 can be actually visible in suspension by the eye at pH above 10.5-11). 32, 46, 59 When pH is reduced spherulite formation, weak gels or precipitation can be observed at pH between 6 and 7, that is 678 during the nucleation and growth phase and when the system presents negative charges. This is 679 shown on Figure S 5c,d , where the gel formation is followed in-situ as a function of time for a 680 SLC18:0 concentration of 5 wt% and using large amounts of GDL. In all cases, ′~ 100 Pa, a 681 value that is two orders of magnitude lower that ′ recorded on the same sample, prepared with 682 the optimized amount of GDL ( Figure S 2b) . Figure S 5d properties of two gels prepared under exactly the same conditions (please refer to the 696 Supporting Information for more details). One contains about 20 mM NaCl, simply generated 697 by the pH change process, and the other one has an additional content of 250 mM of NaCl, 698 introduced in the solution at basic pH, before the pH change process. The system with high salt 699 content has slightly worst mechanical properties ( ′~ 150 Pa against ′~ 350 Pa) and a larger 700 strain overshoot ( Figure S 5b2 ), suggesting the presence of more spherulitic structures.
701
However, the effect is far from being impressive and one can consider that both gels still have with respect to the use of GDL ( ′> 10 3 Pa for SLC18:0 at 2.5 wt%). These data show that: 1) 716 the nature of the acid is not an important factor; 2) the use of GDL/gluconic acid does not bring 717 any specific added value to the system, nor it interferes with fibrillation; 3) the rate of GDL 718 hydrolysis, or the rate of addition of gluconic acid, are, again, the main critical parameters to 719 control the gel mechanical properties. Of all the experiments that we have performed, it is clear 720 that use of GDL has systematically provided the strongest gels. However, we stress the fact that 721 GDL can also induce spherulite formation, weak gels and precipitation. In Table 1 , we provide 722 the optimum amounts of GDL, that we have found for this system. Lower amounts will not 723 reduce the pH enough while higher amounts provoke a rapid pH transition, favouring spherulite 724 formation. Nonetheless, the reader should be aware that these values strongly depend on the 725 initial pH, that is on the amount of base that it is introduced in the system. In fact, reproducibility 726 of gel with GDL may actually be very poor and should systematically be optimized, because 727 the amount of initial base may not be strictly identical from one experiment to another. In 728 addition, hydrolysis rate of GDL is strongly dependent on temperature, which may also limit 729 the reproducibility of a given experiment. These are certainly the main drawbacks of using Figure 3e ), the rate is 30 mM/h, 742 that is three times faster, resulting in a weaker gel. These considerations reinforce the idea that 743 the hydrolysis rate is the actual key to control the mechanical properties of the gel.
744
Other factors. It may not be excluded that other factors may play a key role and are 745 worth exploring in the future: 1) constancy of the acidification rate; 2) initial pH; 3) stirring; 4) 746 volumes; 5) nucleation centers. The acidification profiles of GDL and HCl are not the same in 747 the beginning of the acidification curve (Figure 3a,b) . At the moment, it is not clear whether or 748 not the rate of pH change before fibrillation has any significant impact, nor it is clear whether 749 or not the initial pH plays a role. According to our experience, good quality gels can be obtained 750 starting when initial pH is 11 (data in this work) or 9. We have also obtained strong gels both 751 when acidification rate is either constant or not. However, these qualitative results do not mean 752 that these parameters may not have an effect on branching, and consequently on gel strength. In this work we explore the pH-driven hydrogel properties of stearic acid sophorolipid, 767 a microbial glycolipid. This compound is known to undergo a micelle-to-twisted ribbon phase 768 transition around pH 7.4 and we show here that above 1 wt% it is possible to form a self-769 assembled fibrillary network (SAFiN) hydrogel. At a first glance, this system behaves as 770 fluorenyl-9-methoxycarbonyl (Fmoc) amino acid derivatives, which form hydrogels below a 771 given pH. In particular, we show that use of internal acidification using the hydrolysis of 772 glucono-δ-lactone (GDL) provides a homogenous and stronger hydrogel than a more classical 773 manual pH variation approach using HCl. Oscillatory rheology experiments show that 774 acidification through GDL provides elastic moduli in the range between 10 kPa and 100 kPa, 775 while after using HCl the elastic moduli are rarely higher than 1 kPa. These results corroborate 776 the data recorded on other pH-responsive hydrogels prepared using FMOC derivatives.
777
However, the admitted mechanistic behavior in pH-responsive hydrogels is that the final pH 778 governs the gel mechanical properties, which is not what we find in this work.
779
In the second part of the paper we demonstrate that mechanical properties of SLC180 780 hydrogel do not actually depend on the acidification method itself but on the rate of 781 acidification, may it occur through HCl addition, provided a strict control over the addition of 782
HCl to the solution, or GDL hydrolysis. In contrast to what is generally known, both HCl and 783 GDL can induce a phase separation observed through precipitation of spherulites in the solution.
784
If SAXS experiments show that whichever the method of preparation, SLC18:0 always 785 nucleates into self-assembled fibers below neutral pH, cryo-TEM and optical microscopy 786 experiments allow to associate side branching and spherulite formation of fast HCl acidification 787 rates or excess of GDL. Rheology shows, on the contrary, that hydrogels with similar 788 mechanical properties can be prepared with low HCl acidification rates or optimal GDL 789 amount. Solution NMR spectroscopy performed on two systems, one containing excess 790 (leading to precipitation) and the other an optimal amount (leading to gel) of GDL, reveals an 791 important mismatch between the expected equilibrium and measured SLC18:0 concentrations 792 as a function of pH when excess of GDL is employed. This experiment proves the existence of 793 supersaturation when pH changes too fast. Supersaturation is known to decrease the 794 crystallographic mismatch nucleation energy, a necessary and sufficient condition to observe 795 side branching and spherulite formation in SAFiN prepared with low molecular weight gelators.
796
In clear, slow acidification rates promote strong SLC18:0 hydrogels with low, or no, degree of 797 branching, while high acidification rates promote highly branched fibers forming weak gels, or 798 29 no gels at all. Although the origin of this phenomenon is still not clear, we think that the micellar 799 environment in the pH region prior to nucleation and growth of the fibers establishes a limited 800 process, slowing down the SLC18:0 molecular diffusion from the micelles to the nucleating 801 fibers. Additional experiments are needed to better understand this phenomenon. 
